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METHOD AND COMPOSITION TO 
PREVENT FLUID MIXING IN PIPE 

BACKGROUND OF THE INVENTION 

The statements in this section merely provide background 
information related to the present disclosure and may not 
constitute prior art. 
The present invention is related in general to fluid com 

positions and methods for servicing Subterranean wells. 
Particularly, the invention relates to the use of fluids con 
taining fibers to separate two wellbore-service fluids as they 
travel through a tubular body. Such fluids are also referred 
to as “fiber-laden fluids.” 

Well-servicing operations frequently involve the pumping 
and placement of fluids in the wellbore. In many cases, 
different fluids are pumped through tubulars in a sequence. 
Perhaps the most common example is primary well cement 
ing, during which the fluid sequence may involve drilling 
fluid, followed by a spacer fluid, and then followed by one 
or more cement-slurry formulations. It is desirable to mini 
mize or prevent commingling of the fluids for two principal 
reasons. First, mixing of fluids at their interfaces reduces 
their useful volumes. Second, the fluids may be incompat 
ible, leading to unwanted rheological consequences such as 
gelation. The fluid mixture may viscosify, increasing the 
friction pressure during pumping. Or, one fluid may pen 
etrate the interface of the other, forming channels. Main 
taining the integrity of the cement slurry is of great impor 
tance, because contamination may significantly alter the 
rheological performance, preventing proper placement in the 
annulus. In addition, the ability of the set cement to provide 
Zonal isolation may be compromised. 

Several techniques are available to isolate or minimize the 
commingling of fluids as they travel through tubulars. The 
methods fall into two principal categories: hydrodynamic or 
mechanical. 

Hydrodynamic techniques involve adjusting the rheologi 
cal properties of the fluids and the pumping rate. The aim is 
to achieve a flow regime that will minimize commingling. If 
both fluids are in turbulent flow during placement, mixing at 
the interface will be minimized. However, if the fluids are 
incompatible, even minimal mixing may increase the vis 
cosity at the interface, causing the fluid in the mixing Zone 
to assume laminar-flow, and exacerbating further mixing and 
contamination. If turbulent flow is not feasible, the fluids 
may be designed to have significantly different gel strengths, 
and the pumping rate may be reduced so that both fluids are 
in plug flow during placement. The flat interface between the 
fluids that is characteristic of plug flow, coupled with the 
gel-strength differential, discourages mixing. In many cases 
either technique may not be feasible because formulating the 
fluids to achieve a desired flow regime may negatively 
impact other critical aspects of fluid performance. In addi 
tion, the necessary pumping rates may not be optimal with 
respect to other well engineering parameters. 

Mechanical methods are more frequently employed to 
achieve isolation between fluids, the most common being 
wiper plugs and foam balls. These devices effectively pre 
vent mixing during displacement; however, special hard 
ware at the wellhead is required to deploy them, and 
additional hardware must be installed at the exit of the 
conduit to hold them in place after arrival. In addition, 
working with these devices is time consuming. Finally, the 
tubular string often consists of sections with multiple diam 
eters, and complex assemblies are required to ensure that the 
mechanical devices are adapted to the current diameter. 
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2 
It therefore remains desirable to provide means to isolate 

two fluids and prevent mixing, without the need to adjust the 
fluids' rheological properties, without the need to provide 
special hardware at the wellsite, and without regard to 
tubular-diameter changes. 

SUMMARY OF THE INVENTION 

The present invention solves the problems mentioned 
herein. 

In a first aspect, embodiments relate to using a fiber-laden 
liquid suspension to separate two wellbore-service fluids. By 
fiber laden, it is to be understood, in the context of the 
present invention, that the fluid contains fibers. The fiber 
concentration, length and diameter are chosen Such that the 
fiber-laden fluid exhibits yield stress sufficient to flow as a 
plug. The yield stress arises from fiber entanglement. The 
entanglement may be disrupted by hydrodynamic forces 
Such as those at the entrance of nozzles, but it instanta 
neously reforms when the forces disappear. This feature 
enables the fiber suspension to flow through restrictions 
without plugging them. 
The yield stress of the fiber-laden plug fluid is sufficiently 

high to prevent dilution of the first and second wellbore 
service fluids, and maintain separation as they travel through 
the tubular body. Therefore, there is no need to specially 
adjust the rheological properties or displacement rate of 
either wellbore-service fluid. The plug fluid is prepared and 
handled on the surface in a manner similar to other wellbore 
service fluids; therefore, no special mechanical equipment is 
required on the Surface for deployment, nor are any special 
devices necessary on the tubular body itself. The plug 
system fluidity also enables automatic and instant adjust 
ment to tubular-geometry fluctuations during the journey 
downhole. 
The first wellbore-service fluid is pumped into the tubular 

body. Next, a volume of fiber-laden fluid sufficient to 
provide at least 2 meters of separation, and most preferably 
at least 10 meters, between the two wellbore-service fluids 
is pumped behind the first wellbore-service fluid. Then the 
fiber-laden fluid is followed by the second wellbore-service 
fluid. Upon exiting the tubular body, the fiber-laden fluid 
becomes dispersed and has no further role to play. 
The plug fluid may be (but is not limited to) a bentonite 

Suspension, water-soluble-polymer Solution (linear or cross 
linked), oil-base fluid, water-in-oil emulsion, oil-in-water 
emulsion or water-in-water emulsion containing fibers cho 
sen from a variety commonly used in the oilfield. These 
fibers include (but are not limited to) natural and synthetic 
organic fibers, glass fibers, ceramic fibers, carbon fibers, 
inorganic fibers, metallic fibers and mixtures thereof. The 
fibers may be linear or curved, with lengths between about 
6 mm and 200 mm and diameters from about 25 microm 
eters and about 300 micrometers. It is to be understood that 
the term linear means "extending along a straight or nearly 
straight line.” To achieve sufficient fiber entanglement to 
develop yield stress, the fiber concentration, length and 
diameter are chosen such that the “crowding factor, defined 
later in this document, exceeds about 50. 
To further promote dispersion of the fiber-laden plug fluid 

as it exits the tubular body, an encapsulated chemical may be 
added to destroy the fiber network. The capsules release the 
chemical upon shearing as the fluid exits the tubular body 
through nozzles or other restrictions between the tubular 
body and the environment outside the tubular body. The 
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encapsulated chemical may include a fast hydrating polymer 
that would increase the base-fluid viscosity and weaken the 
fiber cohesion. 

In a further aspect, embodiments relate to methods for 
cementing a subterranean well. The first wellbore-service 
fluid is preferably drilling fluid, and the second wellbore 
service fluid is preferably a cement slurry. Drilling fluid is 
circulated through the tubular body and back through the 
annulus between the tubular body and the wellbore wall or 
another previously installed tubular body. A fiber-laden plug 
fluid conforming to the specifications outlined in the pre 
ceding paragraphs is selected and pumped into the tubular 
body behind the drilling fluid. The fiber-laden plug is then 
followed by a cement slurry, which is pumped into the 
tubular body and, after exiting the tubular body, travels into 
the annulus between the tubular body and the wellbore wall. 
Alternatively, a spacer fluid, chemical wash or both may 
precede the cement slurry behind the fiber-laden plug. 

In yet another aspect, embodiments relate to compositions 
for controlling the interface between two fluids. The com 
position comprises a fluid and fibers. The fibers may be 
linear, curved or both. The fiber concentration, length and 
diameter are chosen Such that the crowding factor exceeds 
about 50. The length of the fibers is between about 6 mm and 
50 mm, and the fiber diameter is between about 25 microm 
eters and 300 micrometers. 

Although primary well cementing is the principal envi 
Sioned application of this technology, other well treatments 
involving fluids pumped in a sequence may also benefit. 
Such treatments include (but are not limited to) remedial 
cementing, matrix acidizing, hydraulic fracturing, formation 
consolidation and gravel packing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional diagram of the apparatus 
constructed by the inventors to prepare curved fibers 
described in the examples. 

FIG. 2 is a plot showing the effect of adding linear or 
curved fibers on the yield stress of a 90-g/L bentonite 
Suspension. 

FIG. 3 is a plot showing the effect of adding linear or 
curved fibers on the yield stress of a 100-g/L bentonite 
Suspension. 

DETAILED DESCRIPTION 

The invention provides methods and a composition for 
separating two wellbore-service fluids as they travel through 
a tubular body 
The invention may be described in terms of treatment of 

vertical wells, but is equally applicable to wells of any 
orientation. The Invention may be described for hydrocar 
bon production wells, but it is to be understood that the 
Invention may be used for wells for production of other 
fluids, such as water or carbon dioxide, or, for example, for 
injection or storage wells. It should also be understood that 
throughout this specification, when a concentration or 
amount range is described as being useful, or Suitable, or the 
like, it is intended that any and every concentration or 
amount within the range, including the end points, is to be 
considered as having been stated. Furthermore, each numeri 
cal value should be read once as modified by the term 
“about' (unless already expressly so modified) and then read 
again as not to be so modified unless otherwise stated in 
context. For example, “a range of from 1 to 10” is to be read 
as indicating each and every possible number along the 
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4 
continuum between about 1 and about 10. In other words, 
when a certain range is expressed, even if only a few specific 
data points are explicitly identified or referred to within the 
range, or even when no data points are referred to within the 
range, it is to be understood that the inventors appreciate and 
understand that any and all data points within the range are 
to be considered to have been specified, and that the inven 
tors have possession of the entire range and all points within 
the range. 

In the following text, the term “fiber laden' is to be 
understood, in the context of the present invention, as 
“containing fibers.” 

In an aspect, embodiments relate to methods for using a 
fiber-laden liquid suspension to separate two wellbore 
service fluids. The fibers are present at a concentration 
Sufficient to impart high yield stress to the Suspension. The 
yield stress arises from the fibers becoming entangled. The 
entanglement may be disrupted by hydrodynamic forces 
such as those at the entrance of nozzles in the drill bit, but 
it instantaneously reforms when the forces disappear. This 
feature enables the fiber suspension to flow through restric 
tions without plugging them. 
The wellbore-service fluids may be one or more members 

of the list comprising drilling fluids, spacer fluids, chemical 
washes, cement slurries, acidizing fluids, fracturing fluids, 
formation-consolidation fluids and gravel-pack fluids. 
The yield stress of the fiber-laden plug fluid is sufficiently 

high to prevent dilution of the first and second wellbore 
service fluids, and maintain separation as they travel through 
the tubular body. Therefore, there is no need to specially 
adjust the rheological properties or displacement rate of 
either wellbore-service fluid. The plug fluid is prepared and 
handled on the surface in a manner similar to other wellbore 
service fluids; therefore, no special mechanical equipment is 
required on the Surface for deployment, nor are any special 
devices necessary on the tubular body itself. The plug 
system fluidity also enables automatic and instant adjust 
ment to tubular-geometry fluctuations during the journey 
downhole. 
The first wellbore-service fluid is pumped into the tubular 

body. Next, a volume of fiber-laden fluid sufficient to 
provide a separation between the two wellbore-service fluids 
is pumped behind the first wellbore-service fluid. Preferably, 
the volume of the fiber-laden fluid is sufficient to provide a 
separation of at least 2 meters, more preferably at least 4 
meters, even more preferably at least 6 meters and most 
preferably at least 10 meters. Then the fiber-laden fluid is 
followed by the second wellbore-service fluid. Upon exiting 
the tubular body, the fiber-laden fluid becomes dispersed and 
has no further role to play. 
The plug fluid may be (but is not limited to) a bentonite 

Suspension, water-soluble-polymer Solution (linear or cross 
linked), oil-base fluid, water-in-oil emulsion, oil-in-water 
emulsion or water-in-water emulsion containing fibers cho 
sen from a variety commonly used in the oilfield. These 
fibers include (but are not limited to) natural and synthetic 
organic fibers, glass fibers, ceramic fibers, carbon fibers, 
inorganic fibers, metallic fibers and mixtures thereof. The 
fibers may be linear or curved, with lengths between about 
6 mm and 50 mm, more preferably between 6 mm and 25 
mm and most preferably between 10 mm and 20 mm. Fiber 
diameters from about 25 to about 300 micrometers may be 
employed; however, diameters between 100 and 300 
micrometers are more preferred and diameters between 200 
and 280 micrometers are most preferred. To achieve suffi 
cient fiber entanglement to develop sufficient yield stress, 
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the fiber length, diameter and concentration in the Suspen 
sion are chosen such that the “crowding factor exceeds 
about 50. 
The crowding factor is given by Eq. 1. 

where N is the crowding factor, C is the fiber-volume 
concentration, L is the length of the fibers and d is the 
diameter of the fibers. The crowding factor is independent of 
fiber shape. At crowding factors above about 50, the result 
ing fluid possesses sufficient yield stress to cause it to flow 
as a plug; therefore, the velocity profile is flat as it travels 
through the tubular body. This behavior leads to two prin 
cipal consequences: (1) the first wellbore-service fluid is 
displaced in a more efficient manner, with limited mixing; 
and (2) fluid left on the wall will be removed by the plug 
because of the high velocity gradient at the wall 

Compared to classical yield-stress fluids Such as cross 
linked polymer gels, fiber Suspensions present a number of 
advantages. Fiber entanglement originates from mechanical 
forces, lowering the sensitivity to the chemical environment 
or temperature. The fiber entanglement may be destroyed by 
high elongational flow—such as that occurring at restric 
tions—and reform at the exit as the stress is withdrawn. By 
contrast, gels based on chemical crosslinks are frequently 
sensitive to shear. 

Linear fibers, curved fibers or both may be employed to 
prepare an effective plug fluid. However, curved fibers tend 
to interact more strongly with one another, improving fiber 
entanglement. 

To further promote dispersion of the fiber-laden plug fluid 
as it exits the tubular body, an encapsulated Substance may 
be added that will act to destroy the fiber entanglement. The 
capsules release the chemical upon shearing as the fluid exits 
the tubular body. The encapsulated Substance may include a 
fast hydrating polymer that would increase the base-fluid 
viscosity and weaken the fiber cohesion. The encapsulated 
Substance may also include a chemical or enzyme that 
degrades the fibers, the base fluid or both. 

In a further aspect, embodiments relate to methods for 
cementing a subterranean well. The first wellbore-service 
fluid is drilling fluid, and the second wellbore-service fluid 
is a cement slurry. Drilling fluid is circulated through the 
tubular body and back through the annulus between the 
tubular body and the wellbore wall. A fiber-laden plug fluid 
conforming to the specifications outlined in the preceding 
paragraphs is selected and pumped into the tubular body 
behind the drilling fluid. The fiber-laden plug is then fol 
lowed by a cement slurry, which is pumped into the tubular 
body and, after exiting the tubular body, travels into the 
annulus between the tubular body and the wellbore wall. 
Alternatively, a spacer fluid, chemical wash or both may 
precede the cement slurry behind the fiber-laden plug. 

In yet another aspect, embodiments relate to compositions 
for controlling the interface between two fluids. The com 
position comprises a fluid and fibers. The fibers may be 
linear, curved or both. The fiber concentration, length and 
diameter are chosen Such that the crowding factor exceeds 
about 50, the length of the fibers is between about 6 mm and 
50 mm, and the fiber diameter is between about 25 microm 
eters and 300 micrometers. 

Although primary well cementing is the principal envi 
Sioned application of this technology, other well treatments 
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6 
involving fluids pumped in a sequence may also benefit. 
Such treatments include (but are not limited to) matrix 
acidizing, hydraulic fracturing, formation consolidation and 
gravel packing. 

EXAMPLES 

The present invention may be further understood from the 
following examples. 
The fiber used in the examples given below was DuPont 

TYNEX 612. TYNEX 612 is a polyamide fiber. The density 
is 1.067 g/cm, the fiber diameter varies from 280-310 
micrometers, the melting temperature is about 210°C. and 
the Young's modulus is about 3 GPa. 

Both linear and curved fibers were tested. The length of 
the linear fibers was 20.8 mmit 1.6 mm. Curved fibers are 
characterized by their Feret length and their curvature. The 
Feret length is the straight-line distance between each end of 
the fiber. The curvature is the angle between straight lines 
drawn from the center of the fiber curve and the ends of each 
segment. In the following examples, the Feret length was 
20.2 mmit 1.6 mm and the curvature was 80°, corresponding 
to a circle diameter of about 31 mm. 
The curved fibers were prepared with a device constructed 

by the inventor, depicted in FIG. 1. The procedure is given 
below. 
1. Choose a continuous fiber filament. 
2. Wrap the filament 3 around the two half cylinders 1 and 

2. Adjust the spacing rod 4 to achieve the desired cylinder 
diameter. In these examples, the cylinder diameter was 12 

3. Place the cylinder and coiled fiber in an armature com 
prising two brackets 5 and 6 to hold the fiber in place. 

3. Heat the cylinder and filament to a temperature within the 
workability range of the fiber composition. The workabil 
ity range is generally between the softening temperature 
and the melting temperature of the fiber. If the fiber 
composition does not melt, the workability range is 
between the softening temperature and the decomposition 
temperature. In the examples, the TYNEX 612 fibers were 
heated to 150° C. 

4. Quench the system to room temperature. 
. Hold the coiled fiber and make two cuts 180° apart 7 along 
the length of the cylinder. 

6. Free the cut fibers. Their length is half the cylinder 
perimeter, and their shape is close to being semi-circular. 
The yield stress of fiber-laden suspensions was measured 

with an Abrams cone, described in ASTM Standard C143. 
This device is commonly used to measure the yield stress of 
concretes. The cone is filled with the sample fluid. The cone 
is then lifted and the fluid spreads out. Analysis of the size 
and shape of the spread fluid reveals rheological informa 
tion. The yield stress of a sample fluid is given by Eq. 2. 

5 

225pg O’ (Eq. 2) 
1282 R5 ty 

where p is the bulk fluid density, g is the acceleration of 
gravity, R is the radius of the spread fluid and S2 is the cone 
Volume equal to 

7th, 2 2 O= a (ri + rj + r r2). 
(Eq. 3) 
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His the cone height, and r and rare the radii of the top and 
bottom sections. For the following examples, the cone 
dimensions and volume were: H=15 cm; r=2.5 cm; r=5 
cm; S2=689 cm. 
The procedure used to monitor the yield stress is given 5 

below. 
1. A volume of fiber Suspension slightly larger than the cone 
Volume is prepared, so that most of the mixed material 
will be poured into the cone. 

2. The fiber suspension is manually mixed in a beaker until 10 
it appears to be homogeneous. 

3. The cone is placed at the middle of a clean and uniform 
plane plate. Preferably, scale bars are drawn directly on 
the plate. 

4. The fiber suspension is poured into the cone up to the top 15 
end. Care must be taken to obtain repeatable top levels. 
While pouring the fluid, the cone must be firmly held 
down against the plate to minimize leakage out of the 
bottom. 

5. The assembly is left static for 10 minutes. This duration 20 
corresponds to the common “10-min gel strength' mea 
surement employed by oilfield personnel. 

. The cone is slowly raised to minimize inertial effects. 
7. Photographs of the spread Suspension are taken, on which 

the scale bars must be visible, allowing measurement of 25 
the spread radius by image analysis. 

The image analysis Software was Image.J. developed by the 
US National Health Institute. Additional information con 
cerning Image.J may be obtained in the following reference: 
Burger W and Burge M. J. Digital Image Processing An 30 
Algorithmic Introduction using Java, Springer, ISBN: 978 
1-84.628-379-6 (2008). 

6 

Example 1 
35 

A 90-g/L Suspension of bentonite in water was prepared 
as the plug base fluid. Fluids containing various amounts of 
either linear or curved fibers (up to 30 g/L) were placed in 
the Abrams cone, the spread radius was measured and the 
yield stress was calculated. The results are shown in FIG. 2. 40 
A significant yield-stress increase was observed at fiber 
concentrations above about 0.20 g/L. This concentration 
corresponds to a crowding number close to 50. 

Example 2 45 

A 100-g/L suspension of bentonite in water was prepared 
as the plug base fluid. Fluids containing various amounts of 
either linear or curved fibers (up to 30 g/L) were placed in 
the Abrams cone, the spread radius was measured and the so 
yield stress was calculated. The results are shown in FIG. 3. 
A significant yield-stress increase was again observed at 
fiber concentrations above about 20 g/L. 
The invention claimed is: 
1. A method of controlling a physical interface between 55 

two wellbore-service fluids inside a tubular body, thereby 
minimizing commingling of the wellbore-service fluids dur 
ing displacement, comprising: 

i. selecting a fiber-laden plug fluid having a yield stress, 
wherein the fiber concentration, length and diameter 60 
are chosen such that the crowding factor exceeds 50: 

ii. pumping a first wellbore-service fluid through a tubular 
body inside a wellbore; 

iii. pumping a volume of the fiber-laden plug fluid into the 
tubular body behind the first wellbore-service fluid; and 65 

iv. pumping a second wellbore-service fluid into the 
tubular body behind the fiber-laden plug fluid, 

8 
wherein control of the yield stress of the fiber-laden plug 

fluid is provided solely by fiber entanglement. 
2. The method of claim 1, wherein the wellbore-service 

fluids are selected from the list comprising drilling fluids, 
spacer fluids, chemical washes, cement slurries, acidizing 
fluids, fracturing fluids, formation-consolidation fluids and 
gravel-pack fluids. 

3. The method of claim 1, wherein the plug-fluid volume 
is Sufficient to provide at least 2 meters separation inside the 
tubular body between the first and second wellbore-service 
fluids. 

4. The method of claim 1, wherein the plug fluid com 
prises one or more members of the list comprising natural 
and synthetic organic fibers, glass fibers, ceramic fibers, 
carbon fibers, inorganic fibers and metallic fibers. 

5. The method of claim 1, wherein the plug fluid com 
prises linear fibers, curved fibers or both. 

6. The method of claim 1, wherein the fiber length is 
between about 6 mm and 50 mm. 

7. The method of claim 1, wherein the fiber diameter is up 
to about 300 micrometers. 

8. The method of claim 1, wherein the fiber concentration 
is higher than about 20 g/L. 

9. The method of claim 1, wherein the plug fluid com 
prises one or more members of the list comprising: a 
bentonite Suspension, a linear water-soluble-polymer Solu 
tion, a crosslinked water-soluble polymer Solution, oil-base 
fluid, water-in-oil emulsion, oil-in-water emulsion and a 
water-in-water emulsion. 

10. The method of claim 1, further comprising the addi 
tion of an encapsulated Substance to the fiber-laden plug 
fluid that, upon experiencing shear when exiting the tubular 
body, is released into the fiber-laden plug fluid, destabilizing 
the fiber entanglement and dispersing the fiber-laden plug 
fluid. 

11. A method of cementing a subterranean well, compris 
1ng: 

i. selecting a fiber-laden plug fluid having a yield stress, 
wherein the fiber concentration, length and diameter 
are chosen such that the crowding factor exceeds 50: 

ii. pumping and circulating drilling fluid through a tubular 
body inside a wellbore having a wall and back through 
an annulus between the tubular body and the wellbore 
wall; 

iii. pumping a volume of the fiber-laden plug fluid into the 
tubular body behind the drilling fluid; and 

iv. pumping a cement slurry into the tubular body behind 
the fiber-laden plug fluid, and circulating the cement 
slurry so that it exits the tubular body and travels into 
the annulus between the tubular body and the wellbore 
wall, or between the tubular body and another previ 
ously installed tubular body, 

wherein control of the yield stress of the fiber laden plug 
fluid is provided solely by fiber entanglement. 

12. The method of claim 11, wherein the plug-fluid 
Volume is sufficient to provide at least 2 meters separation 
inside the tubular body between the drilling fluid and the 
cement slurry. 

13. The method of claim 11, further comprising pumping 
a spacer fluid, chemical wash or both between the fiber 
laden plug fluid and the cement slurry. 

14. The method of claim 11, wherein the fiber length is 
between about 6 mm and 50 mm. 

15. The method of claim 11, wherein the fiber diameter is 
between about 25 and about 300 micrometers. 

16. The method of claim 11, wherein the fiber concentra 
tion is higher than about 20 g/L. 
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17. The method of claim 11, wherein the plug fluid 
comprises one or more members of the list comprising: a 
bentonite Suspension, a linear water-soluble-polymer Solu 
tion, a crosslinked water-soluble polymer Solution, oil-base 
fluid, water-in-oil emulsion, oil-in-water emulsion and a 
water-in-water emulsion. 

18. The method of claim 11, wherein the plug fluid 
comprises one or more members of the list comprising 
natural and synthetic organic fibers, glass fibers, ceramic 
fibers, carbon fibers, inorganic fibers and metallic fibers. 

k k k k k 
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